Background: Reversible phosphorylation of the RNA Polymerase II CTD coordinates co-transcriptional recruitment of factors. Results: Ssu72 is required for erasure of phospho-serine7, and it facilitates Fcp1-mediated phospho-serine2 removal. Conclusion: Removal of phospho-Ser7 mark plays a key role in the transcription cycle. Significance: Persistent negative charge at position 7 of the CTD renders cells non-viable, and Ssu72 plays a prominent role in removing phospho-Ser7.
tact for a wide variety of cellular machines involved in RNA biogenesis (1, 2, 3, 4) . The CTD consists of the repeating heptapeptide Y 1 S 2 P 3 T 4 S 5 P 6 S 7 of which each residue is subject to various post-translational modifications that can be read by the transcriptional machinery. The patterns of modification dictate the association or disassociation of complexes and may therefore define a possible "CTD code" (1, (5) (6) (7) . During transcription initiation and promoter escape, phosphorylation of Ser-5 (Ser5-P) recruits enzymes required for capping nascent transcripts (8 -10) . Concurrently, Ser-7 is phosphorylated (Ser7-P), establishing a bivalent mark at both protein-coding (pc) and noncoding (nc) genes (11, 12, 13) . Shortly after promoter clearance, Ser5-P is rapidly erased while phosphorylated Ser-2 (Ser2-P) and Ser7-P continue to accrue (14 -16) . These modifications recruit complexes required for transcription elongation, 3Ј-end processing, and transcription termination (17) (18) (19) . Finally, all CTD marks are rapidly erased at the end of transcription, and the hypophosphorylated Pol II is licensed to assemble into the pre-initiation complex and re-initiate transcription (20 -22) . Taken together, dynamic phosphorylation and de-phosphorylation of the CTD plays a critical role at every stage of transcription.
While much effort has been devoted toward identifying the kinases that place phospho-CTD marks, the removal of these marks has been underexplored. This is surprising because the erasure of stage-specific phospho-CTD marks is critical for RNA biogenesis. The inability to remove these marks is often lethal, and in instances where it is not lethal, it severely impairs cellular growth (23, 24) . The importance of erasing phospho-CTD marks is further emphasized by the consequences of disrupting the activity of CTD phosphatases. Among the many CTD phosphatases, three principal enzymes that act at different stages of transcription and on different phospho-CTD marks have been identified and are highly conserved across eukaryotes. Rtr1 de-phosphorylates Ser5-P at the 5Ј-end of genes, whereas Ssu72 works with the prolyl-isomerase Ess1 to remove the remaining Ser5-P marks at the cleavage and polyadenylation site (CPS) (22, (25) (26) (27) (28) (29) . Fcp1 is the primary Ser2-P phosphatase, and it also acts primarily at the 3Ј end of genes (21) . Two of the phosphatases, Fcp1 and Ssu72, are essential; deletion of either phosphatase is lethal (30, 31) . Temperaturesensitive mutants of Fcp1 and Ssu72 exhibit termination defects and significant read-through at Nrd1-dependent genes (32) (33) (34) . Similar read-through at Nrd1-dependent genes has been observed upon deletion of Rtr1 (29) . In contrast, inhibition or deletion of CTD kinases is better tolerated. Neither the primary Ser2-P kinase Ctk1/CDK12 nor the mediator-associated Ser5-P kinase Srb10/CDK8 are essential. Additionally, specific chemical inhibition of Kin28/CDK7, the primary promoter-proximal Ser5-P/Ser7-P kinase, does not have a significant influence on transcription (35) . Thus, the data suggest that once the CTD marks are placed, erasing those marks during specific stages of the transcription cycle is crucial for cellular fitness and viability.
Despite its importance, there are significant gaps in our understanding of CTD de-phosphorylation. It is unclear if retention of negative charge at Ser-7 has any impact of cellular survival. It is unknown which phosphatase, or combination of phosphatases, removes Ser7-P. Additionally, the interdependency between phosphatases that act on different phospho-CTD marks remains to be explored. The placement of Ser7-P is closely coupled to the phosphorylation of Ser-5 and Ser-2 (11, 12, 14, 36, 37) ; it is possible the removal of Ser7-P may also be a coupled event. Finally, the relationship between the CTD kinases and phosphatases is not well characterized. Do these enzymes associate in a sequential and non-overlapping manner at specific stages during transcription, or is there simultaneous dynamic placement and removal of phospho-CTD marks during different stages of transcription? Thus, many important questions regarding the de-phosphorylation of the CTD remain to be addressed. Here we demonstrate that retention of negatively charged residues at position 7 is lethal. We also identify Ssu72 as a major Ser7-P phosphatase and reveal genome-wide distributions of Fcp1 and Ssu72. Finally, we observe coupled erasure of all phospho-CTD marks at 3Ј-ends of genes. Our results provide new insights into the role of sequential and dynamic remodeling of phospho-CTD marks in transcription termination and, more importantly, in the resetting of Pol II so as to permit its assembly in the pre-initiation complex.
EXPERIMENTAL PROCEDURES

Mutant CTD Construction and Plasmid Shuffle-Mutant
Rpb1 CTDs were constructed and tested for viability in vivo as previously described (23) with some modifications. Briefly, the CTD repeats were constructed by annealing and ligating oligonucleotides containing mutant or WT codons at position 7: S7A (5Ј-CCGACTTCACCAGCTTATTCC-3Ј and 5Ј-TCGG-GGAATAAGCTGGTGAAG-3Ј), S7E (5Ј-CCGACTTCAC-CAGAATATTCC-3Ј and 5Ј-TCGGGGAATATTCTGGTG-AAG-3Ј), WT (5Ј-CCGACTTCACCAAGTTATTCC-3Ј and  5Ј-TCGGGGAATAACTTGGTGAAG-3Ј) . WT and mutant Rpb1 CTDs were cloned into pY1 (LEU2), which contains a CTD-less Rpb1 gene. pY1 constructs were transformed into Z26 (MATa his3⌬200 ura3-52 leu2-3,112 rpb1⌬187:: HIS3 GALϩ (pRP112)), which contains a URA3 linked WT Rpb1 gene (38) . Single transformants were streaked on synthetic complete media (SC) lacking uracil and leucine, or on SC supplemented with 5-FOA (0.1%) (Toronto Research Chemicals) and incubated at 30°C for 3 days.
Chromatin Immunoprecipitation on Microarray Chips (ChIP-chip)-All strains used are described in supplemental Table S1 . Chromatin immunoprecipitation (ChIP) was performed as previously described (14) with several modifications. TAP-ChIP was performed using protein-IgG beads whereas the HA-ChIP was done using the 12CA5 antibody (Abcam). For the degron-dependent experiments, cells were grown to an A 600 of 1.0 at 25°C. The culture was then split with half of the cells in culture continuing under previous growth conditions whereas the other half was subjected to non-permissive temperature of 37°C for one hour before both sets of cultures were crosslinked and harvested. ChIP was performed using an anti-Rpb3 antibody (Neoclone) against Pol II and phospho-CTD specific antibodies against Ser2-P (Bethyl) and Ser7-P (a gift from Dr. Dirk Eick). All ChIP samples were amplified using ligation-mediated PCR and hybridized to high density tiling microarrays from NimbleGen (Roche NimbleGen, Inc.; Madison, WI). ChIP-chip immunoprecipitated (IP) data were mean-scaled against its respective "Input" sample data and then the ratio of scaled IP to the Input was log 2 transformed. The data were subjected to computational repeat sequence masking based on probe sequence repetitiveness relative to the sequence composition of the probes on the microarray. A moving average was used to smooth the microarray data, and baseline corrections were applied through comparison between polymerase and transcript data.
Average transcription unit analysis was applied to the data to obtain occupancy profiles normalized for gene length for a set of well isolated protein-coding genes (14) . This allowed for alignment of the occupancy patterns for genes of varying lengths. k-means clustering was performed to partition the genes into categories based on their occupancy profiles. These clusters were then manually collapsed into visually distinct representative groups.
Multidimensional Protein Identification Technology (Mud-PIT) Analysis of Ssu72-Purified protein samples were TCAprecipitated, urea-denatured, reduced, alkylated, digested with LysC/Trypsin enzymes, and then analyzed by LTQ linear ion trap MS equipped with a nano-LC electrospray ionization source (ThermoFisher) coupled with a Quaternary Agilent 1100 series HPLC pump (Agilent Technologies, PaloAlto, CA) as described previously (39) (40) . The samples were loaded onto a 3-phase column containing C18 reverse phase particles (Aqua, Phenomenex), followed by strong cation exchange resin (Partisphere SCX, Whatman), and finally a fused silica microcapillary column. The column was placed in line with mass spectrometer and fully automated 12-step MudPIT run was performed as described previously. Each full MS scan (from 400 to 1600 m/z range) was followed by five MS/MS events using data-dependent acquisition, and the top five intense ions of each MS scan subjected to Collision Induced 14 Dissociation (CID). A label-free spectral counting approach named the distributed Normalized Spectral Abundance Factor (dNSAF) was applied for protein quantification and an in-house developed NSAF v7 was used to create the final reports (41). The NSAF v7 calculations take the consideration of protein length and the relative spectral abundance of proteins across various preparations to prevent the redundancy in spectral assignment, and calculate their respective dNSAF values.
Phosphatase Assay-Reactions were performed with ϳ5 pmol of GST-CTD (42) phosphorylated with Kin28-TAP (TFIIK), Ctk1-TAP (CTDKI), or activated recombinant MAPK (Millipore) in the presence of 1 mM ATP for 1 h at 30°C. Residual ATP was removed using gel filtration spin columns as previously described (29) . Phosphatase reactions were performed in phosphatase buffer (50 mM Tris-HCl, pH 6.5, 10 mM MgCl 2 , 20 mM KCl, and 5 mM dithiothreitol) through incubation of recombinant GST-purified Ssu72 with the phosphorylated substrates for 1 h at 30°C (29) . Increasing concentrations of Ssu72 (1.25, 2.5, and 5 pmol) were used for each experiment. Reactions were quenched by the addition of SDS loading buffer and incubation at 98°C for 5 min prior to analysis of the reaction products by SDS-PAGE and Western blotting. The extent of GST-CTD de-phosphorylation was assessed using antibodies specific for the serine 5-, serine 2-, or serine 7-phosphorylated forms of the CTD as indicated, and quantitation of the reactions was performed using densitometry.
RESULTS
Substituting Serine 7 with the Phospho-mimic Glutamate Is
Lethal-Although serine 7 of the CTD hepapeptide is conserved from yeast to humans, its importance has been traditionally overlooked because of mutational studies that eliminated this mark. Mutating serine 7 to alanine (S7A) in the budding yeast Saccharomyces cerevisiae causes growth defects, but the cells are still viable (43) . Similar results were reported in fission yeast and mammalian cells (44, 45) . Importantly, the inability to erase this mark or remove the negative charge at this position during different stages of transcription has not been explored in yeast. To test the effects of a persistent Ser7-P mark on cellular viability, we constructed a CTD with serine 7 mutated to the phospho-mimic glutamate (S7E). Because the CTD of the largest subunit of Pol II is essential, we used a plasmid shuffle strategy developed by West and Corden (23) to co-express wild type and mutated proteins in the same cells. The wild type Rpb1 is expressed from a plasmid bearing the URA3 auxotrophy marker whereas the mutant Rpb1 is expressed from a second plasmid bearing a different auxotrophy marker. The URA3 gene converts 5-fluoroorotic acid (5-FOA) to a potent toxin and cells bearing this plasmid are unable to grow. Strains that lose the URA3 bearing plasmid during cell division are able to survive in 5-FOA, and under the appropriate selection conditions, these strains retain the plasmid bearing the mutant version of the CTD. The physiological consequences of a given mutation can be monitored in the strains that survive in the presence of 5-FOA. We found that CTD bearing the S7E mutation was unable to grow on plates with 5-FOA, suggesting that the S7E mutation is lethal in yeast (Fig. 1) . Several independent transformants were tested (#1-6 in Fig. 1 ), and while each transformant grew in the appropriate selection media, indicating that both plasmids were present in the strains, none of them grew in the presence of 5-FOA. In contrast, substituting serine 7 with an alanine (S7A) only hindered growth (supplemental Fig. S1 ). Our results suggest that while the placement of Ser7-P mark aids cellular function, its removal is crucial for survival. Thus, identifying the Ser7-P phosphatase is vital for understanding the regulation and dynamics of this mark and its vital importance in maintaining cellular viability.
Coincidence of Specific Phospho-CTD Marks with Specific Kinases and Phosphatases-As a first step toward understanding the dynamics and regulation of phospho-CTD marks, we examined the distribution of known CTD phosphatases and kinases across the genome. We reasoned that the precise sites of association of these CTD-modifying enzymes would provide insight into the identity of the Ser7-P phosphatase. We examined the occupancy of these factors by performing chromatin immunoprecipitation on tiled microarrays of the yeast genome (ChIP-chip). ChIP was performed against epitope-tagged CTD kinases and phosphatases, and these profiles were aligned against prior phospho-CTD profiles (14) . Two representative genes, the nc-gene SNR13 and the pc-gene SED1, were selected because of their canonical phospho-CTD profiles: Ser5-P (red) and Ser7-P (purple) show maximal abundance at the transcription start site (TSS), while on protein coding (pc)-genes Ser2-P (green) levels accrue during early elongation reaching maximal levels by 500 base pairs and are retained at elevated levels until past the 3Ј-end of SED1 ( Fig. 2A) . These profiles are consistent across the compilation of snoRNAs less than 100 bp (SNR) and a set of well-isolated pc-genes. Importantly, the positions of the three primary CTD kinases are in remarkable agreement with FIGURE 1. Substitution of serine 7 with glutamate is lethal. The URA3 ϩ strain Z26 was transformed with the indicated plasmids (right panel). Plasmid shuffle was performed on synthetic complete plates in the presence (SC ϩ5-FOA) or absence (SC -Leu -Ura) of 5-fluoroorotic acid. Cells transformed with the plasmid that expresses Rpb1 bearing the WT CTD were viable, whereas cells transformed with a deleted CTD (⌬CTD) were inviable. None of the independent transformants bearing the serine 7 to glutamate substitution (S7E CTD clones #1-6) were able to support growth.
phospho-CTD patterns (Fig. 2B ). Kin28 (maroon) is positioned at the TSS at nc-and pc-genes, consistent with its role as the promoter-proximal Ser5-P and Ser7-P kinase. We find that Bur1 (blue) consistently associates upstream of Ctk1 (light green). The reproducible detection of this subtle difference in binding profiles on a genome scale is significant and consistent with previous single gene studies that showed sequential recruitment of Bur1 by promoter-proximal Ser5-P marks and subsequent Ctk1 recruitment due to Bur1 phosphorylation of Ser-2 (36, 37) . This observation was further validated by quantitative ChIP-PCR analysis at the pc-gene GLN1 (supplemental Fig. S2, A and B) . Interestingly, while Bur1 and Ctk1 are present at similar levels at pc-genes, Ctk1 is strikingly under-represented at nc-genes while Bur1 occupancy resembles levels observed at pc-genes. These data indicate surprising gene classspecific differences in CTD kinase recruitment, but they do not rule out the possibility that lower levels of Ser2-P on nc-genes may arise from unchecked activity of Ser2-P phosphatases.
We focused our efforts on Fcp1 and Ssu72 because studies with an rtr1⌬ strain suggested that Rtr1 is not involved in Ser7-P de-phosphorylation (12) . Despite their importance, the distribution of these phosphatases across the genome remains unknown. Additionally, clear discrepancies exist between earlier gene-specific ChIP-PCR studies of Ssu72. In one study Ssu72 was found associated both at the 5Ј-and the 3Ј-ends of transcription units (46) whereas the other study only detected Ssu72 occupancy at 3Ј-ends of genes (47) . To resolve this discrepancy and explore the sites of action of CTD phosphatases, we performed genome-wide location analysis (ChIP-chip) using HA-tagged Ssu72 (orange) and TAP-tagged Fcp1 (dark green) (Fig. 2B and supplemental Figs. S2C-S3 ). We observe overlapping peaks for Fcp1 and Ssu72 across SNR13 and other snoRNAs. To our knowledge, this is the first report of Fcp1 association at nc-genes. The strong presence of Fcp1, in combination with the reduced levels of Ctk1 at nc-genes, is likely responsible for the low Ser2-P levels observed across this class of genes. At pc-genes, Fcp1 is detected shortly after Bur1 and Ctk1 associate with the elongating polymerase and it peaks at the CPS after Bur1 and Ctk1 have dissociated. In contrast, we observe a low-abundance Ssu72 peak near the TSS and a much larger peak at the CPS of the gene, but it is relatively depleted within the open reading frame (ORF). The profile of Ssu72 is consistent with earlier studies that found Ssu72 associated with both 5Ј and 3Ј-ends of genes, as opposed to being only at the 3Ј-end (46, 47) . The position of the Ssu72 peaks corresponds with regions of rapidly decreasing Ser7-P, suggesting Ssu72 may be involved in Ser7-P de-phosphorylation.
MudPIT Analysis Suggests That Ssu72 Can Exist by Itself or in Complex with APT-
The genome-wide occurrence of Ssu72 at the 5Ј-(TSS) and 3Ј-ends (CPS) of genes poses the question of whether Ssu72 is involved with different complexes at these sites. Ssu72 was initially thought to be involved in start site selection with TFIIB, but later studies found Ssu72 associated with components of the Pta1 (APT) complex and the Cleavage and Polyadenylation Factor (CPF) complex (30, (47) (48) (49) . To characterize Ssu72-interacting proteins, we performed Mud-PIT analysis using Ssu72 as bait. Our pull-down identified, at low levels, several transcription initiation proteins, including components of the TFIID complex (TAF3 and TAF6) and regulators of the TFIIH complex (MET18) (supplemental Table  S2 ). We also detected the Pol II subunit Rpb2, consistent with previous pull downs of Ssu72 (48) . However, the lower spectral abundance (dNSAF) suggests that these proteins are involved in only transient interaction with Ssu72. Surprisingly, in con- and across a compilation of short nc genes (SNRs) and a set of well isolated pc genes (data from Tietjen et al., 14) . All three phospho-CTD modifications profiles are displayed: Ser2-P (green), Ser5-P (red), and Ser7-P (purple). The black arrow represents the transcription start site (TSS), the red bar the cleavage and polyadenylation site (CPS), and the black boxes the translation boundaries. The x axis displays the distance in bp from the TSS, while the y axis shows the fold enrichment of the immunoprecipitation over input on a log 2 scale. B, CTD kinase and phosphatase profiles at nc-and pc-genes. Three CTD kinases (Bur1, blue; Ctk1, light green; Kin28, maroon) and two CTD phosphatases (Fcp1, dark green; Ssu72, orange) were analyzed. The y axis shows the percentage of maximum fold enrichment of the immunoprecipitation over input on a log 2 scale.
trast with published results, we did not detect Kin28/TFIIH or TFIIB in complex with Ssu72 (34) . We hypothesize that Ssu72 may be not be directly involved in transcription initiation, but rather, Ssu72 may facilitate the transition from initiation to elongation after Kin28/TFIIH dissociates from Pol II during promoter escape. We also observe a high abundance of ribosomal proteins in our MudPIT analysis. While ribosomal proteins often represent contaminants from the protein purification, other CTD remodelers like Ctk1 have been shown to interact with the ribosome and play an important role in translation (50) . The intriguing possibility that Ssu72 may be involved in translation remains to be explored.
MudPIT also identified every component of the APT and CPF complexes as Ssu72-interacting partners (Fig. 3A) . These components were present in all nine replicates (three technical replicates of three biological samples), indicative of a strong in vivo interaction (Fig. 3, B and C) . The interaction of Ssu72 with the APT and CPF complexes is consistent with past reports and FIGURE 3. Ssu72, but not co-complex APT phosphatase Glc7, de-phosphorylates Ser7-P. A, identification of Ssu72-associated complexes via MudPIT. Pull-down of TAP-tagged Ssu72 identified every component of the APT complex (orange) and the CPF complex (gray), including the APT phosphatase Glc7 (white and bold). B, distributed normalized spectral abundance factor (dNSAF) of Ssu72-associated proteins from the APT and CPF complex is displayed for three biological replicates. C, dNSAF of Ssu72-associated proteins from the APT and CPF complex averaged across all biological and technical replicates. Ssu72 was present at much greater abundance compared with the average APT (p ϭ 1.04 ϫ 10 Ϫ5 ) or CPF (p ϭ 3.33 ϫ 10 Ϫ6 ) complex member. D, Ser7-P ChIP-chip profiles upon depletion of degron-tagged (td) Ssu72 (left panel). Replacing it with the catalytically inactive C15S mutant (dashed purple) caused a significant increase in Ser7-P at non-permissive temperature (37°C) compared with replacement with wild type Ssu72 (solid purple). Ser7-P was elevated at nc-(SNR13 and SNR) and pc-genes (SED1 and protein coding). Ser7-P ChIP-chip was also performed in the Glc7-td strain at permissive (25°C) and non-permissive temperature (37°C). Only a small increase at the 5Ј-end of pc-genes was observed at non-permissive temperatures in a Glc7-td strain (right panel). All Ser7-P traces were normalized to Pol II. E, wild type GST-Ssu72 directly de-phosphorylated a Kin28/TFIIK or MAPK phosphorylated GST-CTD substrate at Ser5-P and Ser7-P in a concentration-dependent manner. Ssu72 was not able to de-phosphorylate Ser2-P on a Ctk1/CTDK-1-phosphorylated GST-CTD substrate. F, histograms represent the quantification of the phosphatase assays from E. The y axis shows the percent of CTD phosphorylation in the sample untreated with phosphatase.
its well defined role in termination and 3Ј-processing of ncgenes and short pc-genes (33, 34, 47, 51) . We did not find any member of the Cleavage Factor 1 (CF1) complex in our compilation of Ssu72-associated proteins, even though CF1 is part of the holo-CPF complex. However, this result is consistent with published ChIP-chip traces of the CF1 member Pcf11 (15), which typically peaks immediately after Ssu72 levels begin to drop (supplemental Fig. S4) . Interestingly, the dNSAF values for Ssu72 bait were substantially higher than those of the APT (p ϭ 1.04 ϫ 10
Ϫ5
) and CPF (p ϭ 3.33 ϫ 10 Ϫ6 ) complex members, especially when compared with pull-downs of Pol II subunits (29) . The disproportionately high levels of Ssu72 suggest a possible pool of Ssu72 that is not in complex with APT/CPF (Fig.  3C) . It is possible that this form of the phosphatase associates with TFIIB and the promoter-proximal transcriptional machinery and represents the low-abundance ChIP peak at the 5Ј-ends of pcgenes. However, this possibility remains to be verified.
Ssu72 De-phosphorylates Ser7-P While Glc7 Does Not-Glc7, a member of the APT/Ssu72 complex, is a phosphatase involved in a wide variety of cellular processes including the processing of nc-genes (52, 53) . Consistent with its association with the APT complex, Glc7 also localizes to the 3Ј-end of genes (47) . Because of the promiscuity of Glc7, a PP2A phosphatase, it is possible that Glc7 also functions as a Ser7-P phosphatase. Therefore, we sought to investigate if Ssu72 and/or Glc7 influenced Ser7-P levels in vivo. We assessed Ser7-P levels across the genome following Ssu72 or Glc7 depletion. Ssu72 and Glc7 were depleted via a degron-tag strategy (Ssu72-td and Glc7-td) (22, 54) , where the degron-tagged protein is degraded upon shifting to non-permissive temperatures (37°C). Because Ssu72 is a part of an essential complex in termination and 3Ј processing, we also accounted for any non-enzymatic structural roles Ssu72 may have by using a strain of Ssu72-td that co-expressed either the wild type (WT) Ssu72 or a catalytically inactive Ssu72-C15S (C15S) mutant. Depleting Ssu72 in the C15S mutant (purple dotted line) caused a significant increase in Ser7-P levels compared with WT (purple solid line) (Fig. 3D) . Elevated Ser7-P levels were observed at the single genes SNR13 and SED1as well as across the compilation of nc-and pc-genes. The increase in Ser7-P begins at the TSS and was maintained across the ORF and into the CPS. The position of Ser7-P increase correlates closely with the location of the Ssu72 protein, strongly implying that Ssu72 is a Ser7-P phosphatase that acts at both nc-and pc-genes (Fig. 2B) . In contrast, the elevated levels of Ser7-P across the transcript were not observed in the Glc7-td strain at non-permissive temperatures. At nc-genes, such as SNR13 a small increase in Ser7-P is observed, but across a collection of short snoRNAs, there is no significant change in Ser7-P levels or profiles. At pc-genes, we see a distinct increase in Ser7-P near the TSS, consistent with the promoter-proximal Ssu72 ChIP peaks. However, the higher Ser7-P levels in Glc7-td were not maintained across the transcript. Therefore, the increase may be due to indirect perturbations of the transcriptional machinery.
Although we observe a significant increase in Ser7-P upon depleting Ssu72, it is possible that Ssu72 is playing an indirect role in vivo. Therefore, we decided to test if Ssu72 can directly remove Ser7-P marks. Recombinant GST-fused WT Ssu72 was affinity purified from Escherichia coli using glutathione beads.
Increasing amounts of phosphatase were challenged with a GST-CTD substrate phosphorylated by the Ser5-P/Ser7-P kinase Kin28 or by the nonspecific kinase MAPK. The level of phosphorylation following the phosphatase assay was evaluated via immunoblots with phospho-specific Ser5-P or Ser7-P antibodies. We observe a concentration-dependent decrease in Ser5-P and Ser7-P levels upon addition of the Ssu72 WT (Fig. 3,  E and F) . The phosphatase activity is specific, as Ssu72 is unable to de-phosphorylate Ser2-P marks placed by Ctk1 (Fig. 3, E and  F) . Our biochemical analysis supports the conclusion that Ssu72 can directly erase Ser7-P and is also consistent with the altered in vivo profiles of Ser7-P in catalytically inactive Ssu72 strains. Taken together, these results suggest that Ssu72 is a key Ser7-P phosphatase in vivo.
Genomic Distribution of CTD Phosphatases-Previous genome-wide phospho-CTD profiles revealed gene-class specific distributions of CTD marks that corresponded to the different termination mechanisms at these genes (14) . To assess the diversity of CTD phosphatase patterns, Ssu72 and Fcp1 profiles across well isolated pc-genes were sorted by unrestrained k-means clustering, which partitions the genes into k number of clusters based on the distinct profiles observed at different genes. We observe four main clusters of profiles for HA-Ssu72 (5Ј, 5Јϩ3Ј, CPS, and Post CPS) (Fig. 4A and supplemental Figs. S5 and S6). The vast majority of genes show Ssu72 enriched at the CPS or immediately after the CPS (Post CPS) with a low-abundance peak at the 5Ј-end. On a genome-wide level, we do not observe a change in the shape of Ssu72 profiles as a function of gene expression or transcript length (Fig. 4B ) (55) , although the magnitude of Ssu72 occupancy is higher in well-transcribed genes. The widespread recruitment of Ssu72 to 3Ј-ends of pc-genes is consistent with a role in termination and 3Ј RNA processing of most, if not all, Pol II-dependent genes. This expands the role of Ssu72 from only acting at nc-genes and a subset of pc-genes to every Pol II transcript (33, 34, 48, 51) .
Remarkably, four clusters of profiles of the Ser2-P phosphatase Fcp1 (Uniform, 5Ј, CPS, Post CPS) emerged from k-means clustering ( Fig. 5A and supplemental Figs. S7 and S8). Importantly, genes with higher levels of Fcp1 within the ORF (Uniform profile) are generally longer genes that are highly expressed (Fig. 5B) . Unlike Ssu72, whose promoter-proximal peak is offset from the Kin28 kinase, there is significant overlap between the uniform Fcp1 profile and its kinase counterparts Bur1 and Ctk1. Importantly, three of the k-means clustered profiles (Uniform, CPS, Post CPS) display maximal occupancy at the CPS. These Fcp1 maxima occur after Bur1 and Ctk1 have dissociated, which provides a window of opportunity for Fcp1 to completely strip the remaining Ser2-P marks off Pol II. Interestingly, the Fcp1 peaks at the CPS overlap with the 3Ј Ssu72 peak. Previous studies have demonstrated that the placement of phospho-CTD marks is coupled (14, 36, 37) ; however, the interdependencies between CTD phosphatases and removal of the CTD marks come into focus from our genome-wide occupancy profiles.
CTD De-phosphorylation Is Coupled at the CPS-The overlap between Ssu72 and Fcp1 peaks prompted us to investigate whether de-phosphorylation of the different CTD marks is coupled. We examined genome-wide Ser2-P profiles following degron-dependent depletion of Ssu72-td. We observed a strong increase in Ser2-P levels at nc-genes in strains bearing the catalytically inactive Ssu72-C15S (dotted green trace) as compared with strains with Ssu72-WT (solid green) (Fig. 5C ). The rise in Ser2-P levels is apparent even after normalization to Pol II. This increase is present across the transcribed region of the SNR13 gene as well as across a compilation of short snoRNAs. At pcgenes, we observe an increase in Ser2-P primarily at the 3Ј-end of genes near the CPS, but we detect no difference in Ser2-P levels at the TSS and across the ORF of well isolated pc-genes. In contrast to the change in Ser2-P patterns, the increase in Ser7-P upon Ssu72 depletion is preserved across the transcribed region rather than being restricted only to the CPS. This observation suggests that rather than directly removing Ser2-P, Ssu72 may have an indirect effect on Ser2-P erasure, perhaps through the Ser2-P phosphatase Fcp1. Indeed, we observe a striking overlap in the peak position of Fcp1 (brown) around the CPS with the 3Ј increase in Ser2-P. In contrast, Fcp1 does not overlap with Ssu72 at the TSS or within the transcribed region of well isolated pc-genes, which could explain why there is no increase in Ser2-P at these sites. Importantly, Ser2-P levels do not change within the ORF where Ssu72 is diminished. Our results suggest Ssu72 activity may be important for Fcp1 function, thereby coupling the de-phosphorylation of Ser2-P to the removal of Ser7-P and Ser5-P.
Inactivation of Ssu72 Triggers Transcription Read-through and May Impede Re-initiation-Phosphorylation of the CTD is intricately involved in the recruitment of factors important in transcription termination and processing. Therefore, we investigated whether the perturbation of phospho-CTD marks from the inactivation of Ssu72 influences transcription termination.
We observed elevated levels of Pol II in the Ssu72 C15S strain at the 3Ј-end of several nc-genes, including SNR13 (Fig. 6A) . Elevated Pol II at the 3Ј-end is often indicative of transcription read-through, which would be consistent with previous temperature-sensitive mutants of Ssu72 (33, 34, 56) . To our surprise, we also observe increased Pol II at the 3Ј-end of most, if not all, protein-coding genes (Fig. 6B) . Read-through at pc-genes in Ssu72 mutants has been previously attributed to terminator read-through of an upstream non-coding transcript (28, 34) . However, we observe persistent Pol II at the CPS of pc-genes GLN1, HTB1, and AGP1, which are devoid of upstream nc-genes or cryptic unstable transcripts (CUTs) (Fig. 6B and supplemental Fig. S9 ). Our results strongly suggest that Ssu72 is playing a significant role in the termination of all pc-genes, and this function is not dependent on read through of upstream transcription of nc-genes. Intriguingly, Pol II levels at the TSS of pc-genes decrease in the Ssu72 C15S mutant strains as compared with those with Ssu72 WT. The lower levels of Pol II within genes suggest that there is a defect in transcription initiation by Pol II. These results are consistent with the inference that inactivating Ssu72 prevents the de-phosphorylation of the CTD, which then impedes Pol II assembly into the promoter-bound preinitiation complex, thereby decreasing the reinitiation of the next round of transcription (Fig. 7) .
DISCUSSION
In this study, we demonstrate that the essential phosphatase Ssu72 de-phosphorylates Ser7-P on the CTD of RNA polymerase II. We find that depletion of Ssu72 in vivo results in an increase in Ser7-P levels at nc-and pc-genes. Furthermore, the site of increase in Ser7-P correlates exceedingly well with the genomic association profiles of Ssu72. A particularly important finding is that substituting Ser-7 with a glutamate, a phosphomimic, is lethal. In other words, erasure of the Ser7-P mark is crucial for cellular viability. These results are consistent with studies in mammalian cells where the inability to place phosphoserine marks on alanine substituted (S7A) CTD specifically hinders processing of snRNA genes (45) whereas glutamate substitutions (S7E) lead to rapid cellular inviability (24) . The S7E mutants displayed defective transcription and lowered 3Ј-end processing of transcripts (45) . Our results strongly suggest that Ssu72 erases Ser7-P marks on Pol II immediately after cleavage and polyadenylation and resets the terminating Pol II to a hypo-phosphorylated state. While the identification of Ssu72 does not rule out the existence of other Ser7-P phosphatases, it is clear that the erasure of phospho-CTD marks is important for licensing Pol II to assemble into the promoter-bound pre-initiation complex to start the next round of transcription. Inactivation of Ssu72 leads to persistent Ser7-P marks that impede Pol II recruitment to PIC, thereby blocking transcription initiation and resulting in cellular lethality (Fig. 7) .
Ssu72 activity is also crucial for transcription-coupled 3Ј processing and termination of pc-genes (26, 33, 51) . At pc-genes, these processes are facilitated through the cooperative binding of Pcf11 and Rtt103 to Ser2-P marks (56 -58) . In vitro assays have demonstrated that other CTD marks reduce (25), and post-CPS-enriched (8) . B, Fcp1-TAP profile at genes of various expression levels (left panel) and transcript lengths (right panel). All genes Ն 320 bp in length were represented in this analysis. C, Ser2-P ChIP-chip profiles upon depletion of Ssu72-td with either the WT (solid green) or C15S mutant (dotted green) as replacement. The Ser2-P traces were normalized to Pol II. The position of Fcp1 (brown) overlays the Ser2-P profiles. Single gene traces and gene compilations for non-coding and protein-coding genes are displayed.
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8548 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 11 • MARCH 9, 2012 the association of Pcf11/Rtt103 with Ser2-P. It is possible that Pcf11/Rtt103 requires de-phosphorylation of Ser5-P and Ser7-P by Ssu72 in order to associate with the 3Ј elongation complex. Reinforcing this idea, Pcf11 peaks immediately after Ssu72 at pc-genes, and the position of Pcf11 corresponds with the decline in Ser7-P. When Ssu72 is depleted, we observe elevated levels of Pol II extending past the CPS of several pc-genes, which is often indicative of read-through and processing/termination defects. Taken together, the removal of Ser7-P by Ssu72 may be essential for proper transcription processing, termination, and re-initiation.
While it is tempting to assume that Ssu72 at the TSS is involved in CTD de-phosphorylation during PIC assembly, Ssu72 actually peaks after Kin28/TFIIH, the last general transcription factor to arrive during initiation (59) . Therefore, it is likely that the Ssu72 serves a different function at this site. From our mass spectromet-FIGURE 6. Pol II read-through at non-coding and protein-coding genes. A, Pol II ChIP-chip profiles upon depletion of Ssu72-td in strains bearing the WT (solid blue) or catalytically inactive C15S mutant (dashed blue). Pol II was elevated at the 3Ј-end of SNR13 and a compilation of short SNRs, indicative of read-through (star). B, Pol II levels remain high beyond the CPS of several protein-coding genes (GLN1 and HTB1) and across a compilation of widely distributed protein coding genes that are well separated from other transcribed regions (red asterisk). However, Pol II levels are reproducibly lower during early elongation of protein coding genes (see WT (red arrow) compared with C15S mutant), suggesting that the inability to erase phospho-CTD marks during termination compromises subsequent rounds to transcription. FIGURE 7. Dynamic and sequential remodeling of RNA Polymerase II. Pol II arrives at the pre-initiation complex (PIC) with its CTD in a hypophosphorylated state. During transcription initiation and promoter escape, Kin28 and Srb10 phosphorylate Ser-5 residue of the repeating CTD heptad. Rtr1 and possibly promoter-proximal Ssu72 remove this mark during promoter clearance. Ser-7 is phosphorylated by Kin28 and is de-phosphorylated by Ssu72. Bur1, which places Ser2-P marks to prime the CTD for the association of the primary Ser2 kinase Ctk1, also places additional Ser7-P marks on the elongating Pol II. At the end of transcription, APT-associated Ssu72 removes the remaining Ser5-P and Ser7-P marks with the help of the prolyl-isomerase Ess1. The de-phosphorylation of Ser5-P and Ser7-P allows Fcp1 to remove Ser2-P, returning the CTD to a hypophosphorylated state and licensing it for re-initiation. If Ssu72 is unable to de-phosphorylate Ser5-P and Ser7-P, the CTD remains in a hyperphosphorylated state and is unable to effectively terminate transcription or assemble into the pre-initiation complex leading to cellular lethality.
ric MudPIT analysis, we found that the levels of Ssu72 identified were significantly higher compared with other interacting proteins in the APT complex. Although it is possible that the Ssu72 is present in the APT complex at a higher average stoichiometry, the high bait values might reflect a pool of cellular Ssu72 that is not in the APT complex. Such pool of Ssu72 might localize to the TSS and facilitate the transition between CTD modification states. At the promoter-proximal site, Ssu72 abundance increases as Kin28 levels rapidly decline. Interestingly, we did not find Kin28 associated with Ssu72 in our pull downs, suggesting they may interact transiently and likely interact with the CTD substrate sequentially. The subsequent decline of Ssu72 levels in the promoter-proximal region coincides with rising Bur1 and Ctk1 levels. In contrast to the offset in Kin28-Ssu72 profiles, there is significant overlap between the Ser2-P kinases Bur1/Ctk1 and the Ser2-P phosphatase Fcp1, especially at highly expressed genes. It is possible that such association of kinase-phosphatase function lead to dynamic remodeling of Ser2-P marks on the elongating polymerase, thereby priming Pol II for rapid monitoring of signals that favor a switch between elongation and termination. Indeed, competition between cyclindependent kinases and protein phosphatases for the same substrate binding site has been proposed as a regulation mechanism for the retinoblastoma tumor suppressor protein (60) . The elevated Fcp1 levels across the transcribed region may be important to control Ser2-P levels, as the occupancy of Ser2-P kinases Bur1 and Ctk1 increase at highly expressed genes (supplemental Fig.  S10 ). The interplay of CTD kinases and phosphatases may greatly influence the association and dissociation of elongation and termination factors. Intriguingly, the two peaks of Ssu72 correspond with two transition states in the transcription cycle. The promoter-proximal Ssu72 peak coincides with the association of a broad range of transcription elongation factors, while the 3Ј CPS-proximal Ssu72 peak occurs as many of these factors are dissociating (15) . Ssu72 activity at these sites likely plays an important role in facilitating these key transitions.
Traditionally, Ssu72 has been described as a Ser5-P phosphatase (22) , and several laboratories have recently published crystal structures of Ssu72 bound to a Ser5-P CTD substrate (26, 27) . Additionally, Ssu72 was originally described as a tyrosine phosphatase (61) . It is possible that the Ssu72 active site may be flexible enough able to support a variety of CTD modifications. The identification of Ssu72 as a Ser7-P phosphatase emphasizes the tight coupling between the Ser5-P and Ser7-P marks. Thus, these two CTD marks share a common kinase, Kin28, and a common phosphatase, Ssu72. The placement of Ser7-P is coupled to the phosphorylation of Ser5-P: no Ser7-P is detected on CTD bearing S5A mutations (24) . Although it is unclear whether Ser5-P needs to be removed prior to Ser7-P de-phosphorylation, our results suggest that Ser5-P and Ser7-P erasure is coupled to Ser2-P removal during transcription termination. This is consistent with reported genetic interactions between Ssu72 and Fcp1 (34) . In essence, we report that Ssu72 plays a central role in removal of Ser7-P and that the erasure of all phospho-CTD marks at 3Ј-ends is intricately coupled. The efficient removal of these marks is critical for 3Ј-processing and termination of Pol II-dependent transcripts. Furthermore, erasure of phospho-CTD marks would license Pol II that is just released after a cycle of transcription for re-association with the pre-initiation complex and progression through the next round of transcription. 2) . Ssu72 profiles at non-coding and protein-coding genes ChIP-chip traces for Ssu72 at a sample of non-coding (SNR18, SNR19, SNR83, SNR68, and SNR24) and protein-coding genes (ARO3, HTB1, EDH3, UTP5, AND SLG1). The black arrow represents the transcription start site (TSS), the red bar the cleavage and polyadenylation site (CPS), and the black boxes the translation boundaries. The x axis displays the distance in bp from the TSS, while the y axis shows the fold enrichment of the immunoprecipitation over input on a log 2 scale. The black arrow represents the transcription start site (TSS), the red bar the cleavage and polyadenylation site (CPS), and the black boxes the translation boundaries. The x axis displays the distance in bp from the TSS, while the y axis shows the fold enrichment of the immunoprecipitation over input on a log 2 scale. All genes ≥ 320bp in length were used in the analysis. Figure 3) . Identification of Ssu72-interacting proteins via MudPIT Ssu72 associated proteins identified in the Multidimensional Protein Identification Technology (MudPIT) analysis sorted by average distributed Normalized Spectral Abundance Factor (dNSAF) values. The dNSAF values for each biological replicate are also listed as an average of the three technical replicates used for each biological sample.
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